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Abstract
Recent pieces of evidence have revealed that most, and possibly all, globular star clusters are composed of
groups of stars that formed in multiple episodes with different chemical compositions. In this sense, it has also
been argued that variations in the initial helium abundance (Y ) from one population to the next are also the rule,
rather than the exception. In the case of the metal-intermediate globular cluster M4 (NGC 6121), recent high-
resolution spectroscopic observations of blue horizontal branch (HB) stars (i.e., HB stars hotter than the RR
Lyrae instability strip) suggest that a large fraction of blue HB stars are second-generation stars formed with
high helium abundances. In this paper, we test this scenario by using recent photometric and spectroscopic
data together with theoretical evolutionary computations for different Y values. Comparing the photometric
data with the theoretically-derived color-magnitude diagrams, we find that the bulk of the blue HB stars in M4
have ∆Y . 0.01 with respect to the cluster’s red HB stars (i.e., HB stars cooler than the RR Lyrae strip) – a
result which is corroborated by comparison with spectroscopically derived gravities and temperatures, which
also favor little He enhancement. However, the possible existence of a minority population on the blue HB of
the cluster with a significant He enhancement level is also discussed.
Subject headings: stars: abundances — Hertzsprung-Russell and C-M diagrams — stars: evolution — stars:
horizontal-branch — (Galaxy:) globular clusters: general — (Galaxy:) globular clusters:
individual (M4 = NGC 6121)
1. INTRODUCTION
In recent years, several studies have revealed the existence
of multiple stellar populations with different chemical com-
positions in all globular clusters (GCs) studied to date (see
Gratton et al. 2012, for a recent review and extensive ref-
erences). In this context, the O-Na anticorrelation is one
of the most persistent features observed in GCs, and has
been (along with the Mg-Al anticorrelation) associated to
different star formation episodes (e.g., Carretta et al. 2009b).
Broadly speaking, it is believed that the first generation of
stars of a GC is typically O-rich and Na-poor, but after mas-
sive (Decressin et al. 2007b) and/or intermediate-mass stars
(D’Antona et al. 1983) eject processed material that is mixed
with pristine gas, a second generation of stars is formed with
an O-poor and Na-rich chemical composition (Renzini 2008;
Decressin et al. 2007a; D’Ercole et al. 2008; Carretta et al.
2010; Conroy & Spergel 2011; Valcarce & Catelan 2011).
This is supported by the evidence that the O-Na anticorrela-
tion is present down to the turn-off point and main-sequence
loci (Gratton et al. 2001), thus ruling out the possibility that
these chemical patterns may be ascribed to internal mixing in
the individual stars themselves.
With the discovery of the multiple main sequences in
ω Centauri (NGC 5139; Bedin et al. 2004; Bellini et al. 2009,
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2010) and NGC 2808 (Norris 2004; D’Antona et al. 2005;
Piotto et al. 2005, 2007), the inclusion of the initial he-
lium abundance (Y ) as a free parameter in low-mass stellar
evolutionary calculations has again become popular, since
variations in the helium abundance, due to its well-known
impact upon main-sequence stars (e.g., Demarque 1967;
Iben & Faulkner 1968; Simoda & Iben 1968, 1970), can pro-
duce the observed split main sequence loci (e.g., Norris 2004;
Piotto et al. 2005). From a nuclear astrophysics perspective,
such He abundance variations appear rather appealing, since
the O-Na and Mg-Al variations occur naturally in the pro-
cess of proton-capture nucleosynthesis, even though – impor-
tantly – the actual level of accompanying He enhancement
remains unclear at present (see Catelan 2013, for a recent re-
view and references).
Apart from the main sequence, He abundance varia-
tions also lead to changes that can be observed along
the whole color-magnitude diagram (CMD) of GCs (e.g.,
D’Antona et al. 2002; Valcarce et al. 2012). One of the most
important effects induced by an increase in Y is observed at
the horizontal branch (HB), where – for a given increase in
Y – the luminosities of red and blue HB stars (hereafter RHB
and BHB stars, respectively) increase, while the luminosities
of the extreme blue HB (eBHB) stars decrease. However, the
level of He enrichment is not expected to be uniform all along
the HB. Due to the fact that helium-rich stars evolve more
rapidly than their low-Y counterparts, and thus have lower
masses for a given GC age, it is expected that He-enriched
stars will be located at a bluer HB location than He-“normal”
ones, on average. With this in mind, chemically anomalous
stars (e.g., O-poor, Na-rich, and possibly He-rich) may be lo-
cated at the BHB for metal-intermediate GCs, as is predicted
by the multiple formation episodes scenario. If so, and as a
consequence of the significant dependence of HB luminosity
on Y , these BHB stars will also be significantly brighter than
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the (presumably O-rich, Na-poor, He-“normal”) RHB stars in
the same cluster.
Even though theoretical simulations have shown that these
chemical variations in the light element (e.g., O-Na and Mg-
Al) can exist in stars formed with material previously pro-
cessed by the primordial generation of stars plus pristine gas,
the amount of He in these new formed stars depends on sev-
eral parameters as the initial mass of the donors, the amount of
pristine gas, and, if this gas is accreted from outside the GC,
the time when the accretion process starts, among other fac-
tors (e.g., D’Ercole et al. 2012). In particular, and as noted by
the referee, Figure 8 in D’Ercole et al. (2012) reveals that an
appropriate and dynamically reasonable combination of star
formation and dilution of pristine gas with material ejected
by asymptotic giant branch (AGB) and super-AGB stars al-
lows to build up a second generation in a GC such as M4
(NGC 6121) with a small increase in helium with respect to
the first generation.
Unfortunately, the initial helium abundances of most GC
stars cannot be measured spectroscopically, due to the ab-
sence of photospheric helium absorption lines at tempera-
tures lower than 8 000 K. For this reason, only the surface
helium abundances of BHB and eBHB stars can be directly
measured. Stars hotter than the so-called “Grundahl jump”
(Grundahl et al. 1999), however, are dramatically affected by
helium diffusion (e.g., Michaud et al. 2008, and references
therein), and so only HB stars in the relatively narrow temper-
ature range 8000 . Teff[K] . 11500 can have photospheric
He abundances measured that can be more or less directly
traced to the star’s initial helium abundance. Even in this
case, however, caution must also be exercised, since – as is
well known – canonical stellar models predict an increase
in the surface helium abundance (Ys) of stars after the so-
called first dredge-up episode on the red giant branch (RGB;
Sweigart & Gross 1978), which however may be partly com-
pensated for by the action of helium diffusion on the main se-
quence (Proffitt & VandenBerg 1991). Non-canonical effects
(e.g., Sweigart & Mengel 1979; D’Antona & Ventura 2007)
may also play a role in defining the actual difference between
Y and Ys on the upper RGB and HB phases.
In the particular case of M4, a metal-intermediate GC, the
chemical peculiarities observed along the RGB (Marino et al.
2008 [hereafter M08], Villanova & Geisler 2011; and refer-
ences therein) and HB (Marino et al. 2011, hereafter M11)
support the hypothesis of several formation episodes inside
this GC. In particular, these studies associate the RHB com-
ponent to the cluster’s first population and the BHB compo-
nent to the second one, since RHB stars are found to be O-rich
and Na-poor while BHB stars are Na-rich and O-poor. What
about their corresponding He abundance levels?
While it is impossible to directly measure the photospheric
He abundances of RHB stars, Villanova et al. (2012, here-
after V12) have carried out high-resolution spectroscopy of
M4 stars using UVES on ESO’s VLT2, which allowed them
to estimate photospheric helium abundances for 6 BHB stars
with temperatures lower than 9 500 K. Based on those mea-
surements, and on an analysis of the positions of the stars on a
CMD, the authors have concluded that M4’s BHB component
has a relatively large level of He enhancement, compared with
RHB stars in the same cluster – namely, ∆Y ≈ 0.02 − 0.04.
While the presence of significant He enrichment among
M4’s BHB stars may seem like a natural result, to some ex-
tent it may also be seen as somewhat surprising. In particular,
as already stated, feasible scenarios do exist that provide but a
minor level of He enhancement for M4 (D’Ercole et al. 2012),
and so a large ∆Y for this cluster is not a foregone conclusion.
Comparison with the case of M3 (NGC 5272) may also
offer some hints in this regard (Catelan 2013). M3, like
M4, also possesses well-developed RHB and BHB com-
ponents. Both clusters have nearly the same masses, to
within the errors (McLaughlin & van der Marel 2005), and
the difference in metallicity between them does not ex-
ceed 0.4 dex (Carretta et al. 2009a). Yet, according to the
high-resolution spectroscopic measurements carried out by
Sneden et al. (2004) for a large sample of RGB stars in M3,
this cluster – unlike M4 – contains a substantial population of
“super-oxygen-poor” stars, i.e., stars which have undergone
very extensive levels of oxygen processing, as revealed by
their [O/Fe] < 0. One consequence of this fact is that the
interquartile range (IQR) of the [Na/O] distribution is signif-
icantly higher in M3 than it is in M4 (i.e., 0.599 vs. 0.373;
Gratton et al. 2010). Gratton et al. (2010, their Fig. 28) have
recently suggested a possible correlation between the level of
He enhancement ∆Y and the IQR parameter, in the sense that
GCs with lower IQR values should have smaller ∆Y . There-
fore, the measured light-element abundance patterns would
favor a lower ∆Y for M4 than for M3.
What constraints does this set on the absolute ∆Y values
for M4? For M3, according to Catelan et al. (2009, hereafter
C09), the level of He enhancement is at most very modest,
namely ∆Y . 0.01 – except perhaps for the hottest < 5%
among M3’s HB stars.6 Since the above arguments suggest
that ∆Y (M4) <∆Y (M3), we face the conclusion that ∆Y for
M4 stars should likely be < 0.01 as well. This is clearly in
conflict with the V12 spectroscopic measurements.
Figure 1 shows the chemical yields of single-mass AGB
stars (from Ventura & D’Antona 2009), which have been sug-
gested as potential contaminants. This figure suggests that
AGB stars that contribute to a super-oxygen-poor population
at the metallicity of M3 may indeed supply more He to the
medium than AGB stars that contribute to an M4-like stellar
population lacking super-oxygen-poor stars. While sugges-
tive, this diagram is not conclusive by itself: obviously, it is
very unlikely that single-mass AGB stars are solely respon-
sible for the formation of a second generation of stars. In-
stead, in realistic chemical evolution calculations, AGB stars
covering a mass range which depends on the time scale of
formation of the second generation should be considered, in
addition to proper dilution levels. In other words, in or-
der to conclusively establish, in any theoretical framework,
what the actual level of He enhancement in either M3 or M4
may have been, detailed models of the chemical and dynam-
ical evolution of each cluster should be computed (see, e.g.,
D’Ercole et al. 2012). In this sense, as already stated, feasi-
ble scenarios do exist that provide but a minor level of He
enhancement for M4 (D’Ercole et al. 2012). Thus, given the
available evidence, it may seem difficult to accommodate the
larger ∆Y level among M4’s BHB stars suggested by V12.
Therefore, independently verifying their spectroscopic results
could be a worthwhile exercise.
6 Dalessandro et al. (2013) have recently favored a higher ∆Y value
among M3’s BHB stars than found in C09. Their analysis is based on near-
UV observations, but for the relevant temperatures the visual bandpasses of
the Strömgren and Johnson filter systems (as used in C09 and the present
study, respectively) have a much more straightforward interpretation, since
they are largely immune from the (age along the HB track, Y ) degeneracy
that affects near-UV diagrams. We will expand on this in a forthcoming pa-
per (Valcarce et al. 2013, in preparation).
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FIG. 1.— Chemical yields of massive AGB stars from Ventura & D’Antona
(2009) for [O/Fe] (top panel) and Y (bottom panel) as a function of the initial
mass. Red and blue lines represent the interpolated yields according to the
metallicities of M3 ([Fe/H] = −1.46) and M4 ([Fe/H] = −1.06), respectively.
Dots represent the required mass to reproduce the observed [O/Fe] values for
each GC: [O/Fe] = 0.20 for M4 (Marino et al. 2008), and [O/Fe] = −0.25 for
M3 (Sneden et al. 2004).
The purpose of this paper is accordingly to place indepen-
dent constraints on the level of He enhancement among M4’s
BHB stars. We use a method similar to the one used in C09
in the case of M3, where evolutionary loci computed for dif-
ferent Y values were compared against high-precision photo-
metric and spectroscopic observations to test for the presence
of stellar populations with different helium abundances.
This paper is structured as follows. The details of the pho-
tometric and spectroscopic data used in our work are given in
Sect. 2. In Sect. 3, our theoretical evolutionary sequences are
described. Our results are presented in Sect. 4. Finally, our
main conclusions are summarized in Sect. 5.
2. OBSERVATIONAL DATA
The photometry used in this paper is the same one as ob-
tained in Alonso-García et al. (2012) for M4. This is based
on observations done with the Inamori Magellan Areal Cam-
era and Spectrograph (IMACS) in imaging mode on the 6.5m
Baade Magellan telescope, and, for the central region of the
cluster, on data obtained with the Advanced Camera for Sur-
veys (ACS) camera aboard the Hubble Space Telescope. The
photometry has been corrected for differential extinction with
a dereddening technique that uses a non-parametric approx-
imation to smooth the information about the reddening in
the field provided by every star that belongs to the cluster
(Alonso-García et al. 2011). This technique was successfully
applied to a sample of 25 inner Galactic globular clusters in
Alonso-García et al. (2012).
We also use the surface gravities (g), effective temperatures
(Teff), and chemical abundances of the HB stars in M4, as ob-
tained by M11 and V12.
3. THEORETICAL MODELS
TABLE 1
STELLAR PARAMETERS FOR ZAHB LOCI AND HB EVOLUTIONARY
TRACKS AT AN AGE OF 13 GYR AS A FUNCTION OF Y AND Z
Y 0.23 0.24 0.25 0.26 0.27 0.28 0.29 0.32
Z = 0.0025
ZAHB P. mass (M⊙) 0.865 0.849 0.834 0.820 0.805 0.792 0.778 0.736
He core mass (M⊙) 0.482 0.481 0.479 0.477 0.475 0.473 0.472 0.466
HB Ys 0.255 0.292 0.330
Z = 0.0017
ZAHB P. mass (M⊙) 0.833 0.778
He core mass (M⊙) 0.482 0.475
The theoretical models used in this work were obtained
using the Princeton-Goddard-PUC (PGPUC) code and PG-
PUC Online database (Valcarce et al. 2012).7 In particu-
lar, zero-age HB (ZAHB) loci were created using the PG-
PUC Online tool for an α-element enhancement level given
by [α/Fe] = +0.3, a value typical of globular cluster stars
(Gratton et al. 2004) and close to that favored by M08 for M4,
namely [α/Fe] = +0.39± 0.05. Two heavy-elements abun-
dances of Z = 0.0025 and 0.0017 were considered, in addition
to seven initial helium abundances from Y = 0.23 to 0.29 in
steps of ∆Y = 0.01, for a representative age of 13 Gyr (e.g.,
Dotter et al. 2010; VandenBerg et al. 2013). In addition, us-
ing the same web tool, isochrones were created for an age
of 13 Gyr, both aforementioned metallicities, and Y = 0.245.
These theoretical models were transformed to the Johnson-
Cousins BVI passband using the bolometric corrections (BCs)
and color indices from Castelli & Kurucz (2003).
In addition to the aforementioned isochrones and ZAHB
loci, full-fledged HB tracks were also computed with PG-
PUC, assuming Z = 0.0025, three initial helium abundances
(Y = 0.24, 0.28, and 0.32), and the corresponding helium
core masses (see Table 2). Based on these tracks, reference
evolutionary loci were then computed as in C09, namely the
middle-age HB (MAHB) and the 90%-age HB (90AHB) loci
(corresponding to the locus in the CMD occupied by model
HB stars which have already lived 50% and 90% of their total
HB lifetimes, respectively), and the terminal-age HB (TAHB)
locus (corresponding to the core He exhaustion locus). One
should accordingly expect to find of order 50% of all HB stars
between the ZAHB and MAHB loci, 90% of all HB stars be-
tween the ZAHB and 90AHB loci, and 100% between the
ZAHB and the TAHB. The effects of different metallicities
and initial helium abundances upon the ZAHB, 90AHB, and
TAHB loci in the color-magnitude and in the theoretical logg–
logTeff diagrams were already discussed in C09.
While the present study was carried out using PGPUC
models, we have checked that essentially the same results
are recovered using the models from the BaSTI database
(Pietrinferni et al. 2004). This is not unexpected, since com-
parisons between the results of PGPUC and those of other
widely used codes, as carried out in Valcarce et al. (2012), do
not reveal large differences that might affect any of the con-
clusions of our paper.
4. ZAHB LOCI METHOD IN M4
7 Available at http://www2.astro.puc.cl/pgpuc/.
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FIG. 2.— Comparison between fiducial HB sequences and the empirical
data for M4 (dots), for three different filters: B (upper panel), V (middle
panel), and I (lower panel). Lines correspond to different evolutionary HB
phases for Z = 2.5×10−3 and Y = 0.24: ZAHB (red continuous line), MAHB
(blue dashed line), 90AHB (magenta dotted line), and TAHB (green long-
dashed line). Gray lines show some of the HB evolutionary tracks that were
used to obtain these evolutionary loci (the corresponding mass values, in so-
lar units, are given in the middle panel). The 13 Gyr old isochrone for the
same chemical composition is also shown in each panel. Open blue circles
show the HB stars studied by V12, where the two stars with lowest log(g) are
indicated with their respective ID numbers. Theoretical models are corrected
by reddening E(V − I) = 0.52 mag and by a distance modulus according to
Figure 3.
M4 has an iron abundance with respect to the Sun of
[Fe/H] = −1.06± 0.01 dex (M08, M11, V12), and no ev-
idence of a spread in this element or overall metallicity
Z (Carretta et al. 2009a). Therefore, we are justified in
comparing observations of the cluster with models com-
puted for a single Z value. This comparison is car-
ried out in Figure 2, where we zoom in around the He-
sensitive HB region. In this figure, the displayed isochrones
and ZAHB/MAHB/90AHB/TAHB loci are characterized by
a metallicity Z = 2.5 × 10−3, initial He abundance Y =
0.240 (corresponding to Ys = 0.255 on the HB phase), and
an age of 13 Gyr (corresponding to an HB progenitor
mass of 0.849M⊙).8 This figure also shows some of the
HB evolutionary tracks (gray lines) used for creating the
ZAHB/MAHB/90AHB/TAHB evolutionary loci. As clearly
shown by the figure, virtually all HB stars have luminosities
between the theoretical ZAHB and 90AHB loci, in agreement
with the theoretical predictions for a stellar population with a
single metallicity Z and He abundance Y .
The distance modulus for each filter is selected according
to the normalized fraction of stars at different evolutionary
phases. This method is shown in Figure 3, where the criteria
for the choice of each distance modulus depends exclusively
on the RHB stellar population. First, the normalized frac-
tion of RHB stars is calculated in each evolutionary phase for
different distance moduli (upper panels). Since photometric
errors can induce variations in those fractions, we consider at
the same time the normalized fraction of stars being i) fainter
than the MAHB (thin black lines), ii) between the MAHB
and the TAHB (magenta lines), and iii) fainter than the TAHB
(bold black lines). The corresponding normalized fractions
should be around 50%, 50%, and 100% for each of these three
ranges, respectively (note that all these loci are for Y = 0.240).
Finally, we visually inspect the results (bottom panels in
Fig. 3), in order to ensure that the procedure just described
produced a reasonable description of the data. As a final
result, the individual estimation of the distance modulus for
each filter (vertical dotted lines) gives results that are fully
consistent with (m − M)0 = 12.77 mag, as used to set the po-
sition of the ZAHB loci (red continuous lines) in the bottom
panels of Figure 3. In the middle panels of Fig. 3 the same
exercise was done using only the BHB stars, giving always a
distance modulus that is smaller than the one obtained with
RHB stars. This can be seen in the bottom panels of this fig-
ure, where the position of the ZAHB loci with Y = 0.240 using
the distance modulus according to the normalized fraction of
BHB stars (red dashed lines) is almost the same as the posi-
tion of the ZAHB loci for Y = 0.250 but using the distance
modulus according to the normalized fraction of RHB stars.
This suggests that M4 BHB stars are on average more He-rich
compared to RHB stars, but by no more than ∆Y ≃ 0.01. If
indeed there is a population of helium-enriched stars occupy-
ing M4’s BHB, it must however be mixed with a population
of helium-normal stars, since not all BHB stars are brighter
than the ZAHB locus for Y = 0.250.
A further check for the presence of an internal variation
in the He abundance is carried out in Figure 4 (left panels),
where we compare ZAHB loci for different Y values with
the observations. In the left panels of this figure, we com-
8 The quoted Z value corresponds to the spectroscopically
derived [Fe/H] = −1.06, the assumed [α/Fe] = +0.3, and a
Y ≈ 0.25, as computed using the PGPUC Online calculator:
www2.astro.puc.cl/pgpuc/WebTool.Zcalculator.php
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FIG. 3.— Distance modulus determination for each filter according to the fraction of stars in each evolutionary stage along the HB, for Z = 2.5× 10−3 and
Y = 0.24 (see Figure 2). Upper and middle panels show the normalized fractions for stars with (V − I)0 > 0.9 (RHB stars) and (V − I)0 < 0.9 (BHB stars),
respectively, for filters B (left panels), V (middle panels), and I (right panels). Color lines represent the normalized fraction of stars being: i) fainter than the
ZAHB locus (red lines), ii) between the ZAHB and MAHB loci (blue lines), iii) between the MAHB and 90AHB loci (magenta lines), iv) between the 90AHB and
TAHB loci (cyan lines), v) brighter than the TAHB locus (green lines), vi) fainter than the MAHB locus (thin black lines), and vii) fainter than the 90AHB locus
(bold black lines). Vertical dotted lines represent the distance modulus used in this paper for each filter selected according to the RHB population. Vertical dashed
line represent the distance modulus that should be selected if only BHB stars are considered. Bottom panels: M4 CMD around the ZAHB locus. Continuous
lines represent the ZAHB loci for Y = 0.24 (red line) and 0.25 (blue line) using the distance modulus obtained from RHB stars. Dashed red lines represent the
ZAHB loci for Y = 0.24 using the distance modulus obtained from BHB stars.
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FIG. 4.— Comparison between fiducial HB sequences and the empirical data for M4, for three different filters: B (upper panel), V (middle panel), and I (lower
panel). The left panels show the theoretical ZAHB loci for Z = 2.5×10−3 , and Y from 0.23 to 0.29 in steps of ∆Y = 0.01 (continuous red lines). Dashed blue lines
and dotted magenta lines show the MAHB and 90AHB loci, respectively, for Z = 2.5× 10−3 and Y = 0.24. Gray lines show the BaSTI ZAHB loci for Y = 0.25
and Y = 0.30 with Z ≈ 2×10−3. The right panels show the theoretical ZAHB loci for Z = 2.5×10−3 (red continuous lines) and Z = 1.7×10−3 (blue dotted line),
for both Y = 0.24 and 0.28. In all panels is also shown the respective 13 Gyr isochrone with Y = 0.24. Note that at the lower right panel the isochrone and the
red ZAHB cannot simultaneously fit the empirical data for the lower Z value. Open blue circles and numbers have the same meaning as in Fig. 2. Theoretical
models with Z = 2.5× 10−3 are corrected as in Fig. 2 while models with Z = 1.7× 10−3 are corrected in order to fit the red HB loci: E(V − I) = 0.56 mag and
(m − M)0 = 12.834 mag.
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pare the photometric results with the theoretical ZAHB loci
with Z = 2.5× 10−3 and helium abundances from Y = 0.23 to
0.29, at intervals of ∆Y = 0.01 (continuous red lines). TAHB,
90AHB, and MAHB are not included in these plots for clarity,
except for the MAHB and 90AHB loci for Y = 0.24 (dashed
blue and dotted magenta lines). As can be seen, ZAHB loci
with helium abundances greater than Y = 0.27 ∼ 0.28 are
brighter than the bulk of the blue HB stars in the cluster. Ac-
cordingly, it is highly unlikely that all blue HB stars in M4
are helium-enriched at this level. This can also be observed
in the bottom panels of Figure 3. Of course, since the 90AHB
locus is similar in brightness to the ZAHB locus for Y = 0.29,
it is possible that a few percent of the BHB stars may have an
enhancement of the initial helium abundance and be confused
with evolved He-“normal” BHB stars– but the latter do appear
to constitute the bulk of the sample.
In Figure 8 of V12 the same kind of comparison as in our
Figure 4 was carried out, using ZAHB loci for two initial he-
lium abundances (Y = 0.24 and 0.28) and Z = 10−3. However,
their adopted Z value is not consistent with the spectroscop-
ically derived iron content of M4, since such a Z value, for
the same [α/Fe] = +0.3 adopted previously and a Y = 0.24,
corresponds to an [Fe/H] = −1.47 (or −1.24, if [α/Fe] = 0.0
is adopted instead), which is much lower than the [Fe/H]
value favored by the M08, M11, and V12 spectroscopic ob-
servations, namely −1.06± 0.01. The impact of this dif-
ference upon the inferred results can be inferred from Fig-
ure 4 (right panels), where ZAHB loci for Y = 0.24 and 0.28
are overplotted on the data for two different overall metal-
licities, namely Z = 2.5× 10−3 and 1.7× 10−3, correspond-
ing to [Fe/H] = −1.06 and [Fe/H] = −1.24, respectively, for
[α/Fe] = +0.3. Clearly, if a metallicity that is too low is
adopted, one is led to conclude – erroneously, in this case –
that the bulk of M4’s HB stars are indeed He enhanced.9 Note,
in addition, that adoption of too low a Z value does not allow
one to simultaneously fit the RHB and RGB loci in the I, V − I
plane (bottom right panel in Fig. 4), as opposed to what hap-
pens when a metallicity more closely corresponding to the
spectroscopic [Fe/H] value is used instead.
As a further check of these results, and again following
C09, in Figure 5 we compare the spectroscopic data and the-
oretical predictions for BHB stars in the logg − logTeff plane.
In this figure, circles and squares represent the stars studied
by M11 and V12, respectively. As can be seen, 8 of the 12
BHB stars are in agreement with the theoretical predictions
for a canonical helium abundance (initial Y = 0.240 and sur-
face helium abundance at the HB Ys = 0.255), 2 stars (both
from M11) have empirical g values outside the canonical lim-
its by more than their stated 1σ errors, and 2 stars (both from
V12) seem to be in an advanced evolutionary phase (i.e., over
the 90AHB locus) for a canonical helium value. Alternatively,
the latter two stars may correspond to a minority subpopula-
tion with enhanced helium. However, only one of these stars
(ID 45025) has all the properties that are asociated to stars
with high initial-Y : high photospheric He abundance (YV12),
low surface gravity, high luminosities in the three filters stud-
ied here (B, V, and I, see Fig. 4), and high-Na and low-O
abundances. As suggested by the referee, RHB stars could
9 Note, in this sense, that the C09 statement that “the exact choice of Z
value is basically irrelevant for our purposes” meant that adoption of a metal-
licity slightly higher than favored by the spectroscopic data for M3 did not
alter the conclusion that there seemed to be little evidence for He enhance-
ment among M3’s BHB stars.
FIG. 5.— Comparison between predicted and observed loci in the logg −
logTeff plane at the BHB level, for three different helium abundance val-
ues Y : 0.24 (upper panel), 0.28 (middle panel), and 0.32 (lower panel). In
each panel is also shown the expected surface helium abundance Ys. Lines
represent different HB evolutionary stages: ZAHB (continuous black lines),
90AHB (dotted magenta lines), and TAHB (dashed green lines). Open and
filled squares represent stars with photospheric He abundances (from V12)
YV12 = 0.26 and 0.28 ≤ YV12 ≤ 0.32, respectively. In the upper panel pho-
tospheric He abundances are explicitly indicated for the 2 stars with lowest
logg from V12. Circles are stars from M11 (unknown Ys). All these stars
have [Na/Fe] ≥ 0.26 and [O/Fe] ≤ 0.29. Errors are assumed similar to the
error estimated by V12, even though they could be larger (see M11).
8 A. A. R. Valcarce, M. Catelan, J. Alonso-García, C. Cortés, J. R. De Medeiros
in principle also be included in this figure, in order to com-
pare their surface gravities with those obtained for BHB stars
and theoretical models. Unfortunately, however, these red HB
stars are only studied in M11, where the logg values have an
estimated error around ±0.25 dex. For this reason, it is im-
possible to obtain reliable information on the basis of these
data alone.
Finally, it is important to note that, even though all stars
in Figure 5 have Na and O abundances ([Na/Fe] ≥ 0.26 and
[O/Fe] ≤ 0.29, V12 and M11) related to stars presumably
formed with material processed by an older generation of
stars, almost all of them have surface gravities in agreement
with canonical He abundances. This suggests that there is no
direct relation between the O-Na anticorrelation and different
degrees of He abundances, or – perhaps more plausibly – that
the degree of He enhancement among M4’s HB stars is too
small to be reliably detected. This is not totally unexpected,
since – as pointed out by Catelan (2013) – large levels of oxy-
gen depletion (i.e., [O/Fe] < 0) may in some cases plausibly
be associated with very small levels of He enhancement. In
the specific case of M4, the levels of oxygen depletion de-
tected spectroscopically are very small indeed (i.e., no stars
are known with [O/Fe] . 0.2), thus making it even harder to
explain the presence of significant levels of He enhancement
in this cluster.
5. CONCLUSIONS
In this paper, the same ZAHB loci test as previously carried
out in C09 for M3 has been used to check if there are stars
with high initial helium abundance in the GC M4, as recently
suggested.
Using the CMD of this GC together with ZAHB loci com-
puted for the spectroscopically derived cluster metallicity, we
find that, as in the case of M3, the level of He enhancement
among most BHB stars in M4 is unlikely to be higher than
∆Y = 0.01. This is confirmed by the distribution of the stars in
the logg − logTeff plane, although the latter in particular can-
not rule out the presence of a minority subpopulation of stars
with moderate levels of He enhancement being present in the
cluster. Together with the fact that feasible theoretical sce-
narios do exist that provide but a minor level of He enhance-
ment for M4 (D’Ercole et al. 2012), a reevaluation of the V12
spectroscopic He abundance measurements would probably
be worthwhile.
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